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Abstract The drawbacks of estrogen restrict the clinical
use of hormone replacement therapy, and it would be most
helpful to explore new estrogenic substances that could
prevent bone loss and be free from any adverse effects. We
synthesized a new compound named bone-seeking estrogen
(SE2) by combining 17b-estradiol (E2) with iminodiacetic
acid through the Mannich reaction. E2 and SE2 were
labeled with isotope 3H, and the tissue distribution tests of
E2-
3H and SE2-
3H were analyzed by the radioactivity. The
specific nuclear binding of E2 and SE2 in osteoblasts was
measured. SE2 exhibited significantly greater affinity for
bone but lower affinity for ovary and uterus than did E2,
and SE2 maintained a high affinity for the estrogen receptor
alpha similar to that of E2. SE2 administration did not
induce uterine hypertrophy. Body weight increase was
significantly suppressed by treatment with E2 but not by
SE2 after ovariectomy (OVX). SE2 decreased bone turn-
over as E2 after OVX detected by serum biochemical
markers. Bone histology and micro-CT analysis revealed
that SE2 administration, similar to E2, could improve bone
mass and trabecular architecture after OVX. Biomechani-
cal analyses showed that SE2 treatment effectively
increased mechanical properties after OVX. The results
suggested that SE2 was effective in preventing OVX-
induced bone loss and exhibited few side effects on body
weight and uterine hypertrophy, which was beneficial in
reducing the adverse effects caused by E2. SE2 may be a
better choice than E2 for the prevention of postmenopausal
osteoporosis.
Keywords Bone-seeking estrogen  Estrogen 
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Introduction
The prevalence of osteoporosis is increasing and causing a
substantial health burden. Osteoporosis is a skeletal disease
characterized by low bone mass and microarchitectural
deterioration with a resulting increase in bone fragility and
subsequent susceptibility to fracture [1]. Estrogen defi-
ciency after menopause is one of the most common causes
of osteoporosis. The osteoblasts and osteoclasts have
estrogen receptors, and estrogen affects bones partly by
these receptors. It has been proposed that estrogen causes
depletion in the number of osteoclasts in bone by inhibiting
maturation at the cellular level while enhancing the syn-
thesis of cytokines that play roles in bone formation [2, 3].
In the estrogen-deficient state, such as in menopause, the
balance between bone resorption and bone formation shifts
toward an increasing level of bone resorption, with more
resorption than formation; this results in the loss of bone
mass and deterioration of trabecular bone microarchitec-
ture. The estrogen-dependent increase in bone resorption
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and loss of bone mass are greatly accelerated in the first
5–10 years after menopause [4, 5].
The antiresorptive agents such as calcitonin and bis-
phosphonates and agents that stimulate bone formation
such as sodium fluoride, as well as selective estrogen
receptor modulators (SERMs) are commonly used for
postmenopausal osteoporosis drug therapies. Because these
drugs have been reported to exert undesirable side effects
and do not produce bone mass of a desirable quality, there
is a clear need for the development the novel agents that
exhibit a low level of toxicity and side effects as new
treatment options for osteoporosis [6–9]. Hormone
replacement therapy (HRT) is also used commonly to
prevent bone loss. However, there is evidence that the use
of estrogen increases the risk of uterine bleeding and
hyperplasia, endometrial, breast and ovarian cancer,
venous thromboembolism [10–14], thrombotic stroke,
myocardial infarction and cardiovascular disease [15, 16].
These potential drawbacks restrict the clinical use of HRT,
and it would be most helpful to explore new estrogenic
substances that could prevent bone loss and be free from
any adverse effects.
Iminodiacetic acid [IDA, NH(CH2COOH)2, structure
formula as in Fig. 1a] is a calcium chelator that has a high
affinity for calcium in the clinical treatment of heavy metal
poisoning, and inactivation of iminodiacetate resin-induced
factors VIII and V is because of direct deprivation of metal
ions, predominantly Ca2? [17]. It is well known that bone
contains abundant calcium, and it is reasonable to assume
that IDA could concentrate in bone by combining with cal-
cium. Several approaches for conjugating a bone-seeking
agent, including a bisphosphonate or a tetracycline with
bone-preserving agents such as estrogens and prostaglandin
E1, had been reported [18, 19]. However, estrogen bis-
phosphonate conjugates with low or high cleavage rate, as
well as 17-estradiol, provided similar bone and uterus pro-
tection when compared on a molar basis, suggesting similar
systemic levels of 17-estradiol. The theoretical approach of
targeting 17-estradiol at bone by a potential bone-seeking
pro-drug inducing no or only negligible systemic efficacy
could not be realized [20, 21]. The estrogen that was modi-
fied by tetracycline declined in biological activity [22], and
the complex chemical structure and poor stability of tetra-
cycline during chemical conjugation limit the feasibility of
using tetracycline as an osteotropic agent [18].
A novel tetracycline-derived bone-targeting agent con-
taining elements of the tricarbonylmethane system of ring
A of tetracycline was developed to improve the safety
profile that reduce nonbone effects such as cancer, uterine
hypertrophy and clotting-related troubles of estradiol in the
treatment of osteoporosis [23]. By combining 17b-estradiol
with IDA through the Mannich reaction in the presence of
37 % formaldehyde, a new compound was synthesized that
we named bone-seeking estrogen (SE2) (patent CN
1211395C) (Fig. 1b). We hypothesized that the SE2 could
also concentrate in bone using IDA as a guide. The aim of
our present study was to investigate the tissue distribution,
activity and effects of SE2 on the bone mineral density
(BMD) and microarchitecture of trabecular bone in ovari-
ectomized (OVX) rats.
Methods
Distribution of IDA in the Organs of Mice
Six-week-old female C57/BL mice were purchased by the
Chinese Academy of Sciences, China. IDA were labeled
with isotope 3H, and IDA-3H was administered through
intramuscular or intravenous injection. The mice were kil-
led, and bone, kidney, spleen, lung, liver, blood and muscle
were collected after 1 and 24 h to analyze the distribution of
IDA in the organs. Disintegrations per minute (DPM) of 3H
intake was measured by liquid scintillation spectrometry to
analyze indirectly the concentration of IDA in the tissue. All
procedures involving animals were approved by the Shang-
hai Jiaotong University Animal Study Committee and were
carried out in accordance with the guide for the humane use
and care of laboratory animals.
Tissue Distribution Test of SE2
Mice were divided randomly into E2 and SE2 groups. E2




3H were diluted to the concentration of 30 lCi/ml.
The animals were injected through the caudal vein at a
dose of 0.005 ml/g. After 1, 2, 4, 8, 12, 24 h, 3, 5, 7, 10 and
14 days, six mice from each group were killed. Uterus,
ovary and bone including skull, femur, second lumbar
vertebra were collected. DPM of 3H intake was measured
by liquid scintillation spectrometry to analyze indirectly
concentration of E2 and SE2 in the tissue, respectively.
Activity Test of SE2
Compared with E2, the properties of SE2 might be changed
since E2 was modified with IDA. Receptor affinity test was
used to verify whether SE2 remained the same as the bio-
logical activity of the E2 binding its receptor. Calvaria of
newborn mice were sequentially digested twice with 0.25 %
trypsin at 37 C for 20 min, and the released osteoblasts
were seeded in a culture dish in 3 ml of Dulbecco modified
Eagle medium containing 10 % bovine serum, 100 U/ml
penicillin and 100 lg/ml streptomycin. The medium was
changed every 3 days. After reaching confluence, the cells
were digested with 0.25 % trypsin and subcultured at a 1:3
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ratio. The second-generation osteoblasts were used in the
nuclear binding assay. The specific nuclear binding of E2 and
SE2 in these cells was measured by a nuclear binding assay.
In brief, osteoblasts were washed twice with phosphate-
buffered saline and resuspended in homogenization buffer,
then Dounce homogenized. The homogenate was centri-
fuged at 3,0009g for 10 min at 4 C to yield a crude nuclear
pellet. The nuclear pellet was resuspended in 10 mM Tris–
HCl, 0.6 M KCl and Dounce homogenized at 4 C. An ali-
quot of the homogenate was saved for the DNA assay. The
suspension was centrifuged at 105,0009g for 30 min at
4 C. Triplicate aliquots of the nuclear extract were incu-
bated in 10 mM Tris–HCl (pH 7.5), 2 mM EDTA, 0.5 mM
EGTA and 5 mM dithiothreitol overnight at 4 C with
increasing concentrations (0.065–10 nM) of E2-
3H and
SE2-
3H (37 MBq/ml) in the absence or presence of a
200-fold molar excess of unlabeled E2 or SE2. Free and
receptor-bound E2-
3H and SE2-
3H were separated using
glucan-activated carbon suspensions. Binding data were
analyzed by Scatchard analysis.
Rats and Treatments
Twelve-week-old female Sprague Dawley rats weighing
250–300 g were divided randomly into four groups. Group A
animals were bilaterally ovariectomized and supplemented
with vehicle (OVX, n = 24); group B, bilaterally ovariec-
tomized and supplemented with SE2 (SE2, n = 24); group C,
bilaterally ovariectomized and supplemented with 17b-
estradiol (E2, n = 24); and group D, sham-operated control
(n = 24). Rats were subcutaneously injected with vehicle in
the sham-treated and OVX groups, or with 17b-estradiol
(10 lg/kg/day, which is the dose proven to be effective to
prevent osteopenia in OVX rats [24]; Sigma Aldrich, USA),
or SE2 (purity 99 %, 15.32 lg/kg/day, an identical molar
dose to E2, synthesized by Shanghai Institute Material
Medica, Chinese Academy of Sciences) in the E2 and SE2
groups, respectively. The animals received an injection
daily. E2 and SE2 were dissolved in a small volume of
absolute ethanol, and the concentration was adjusted with
sesame oil [25]. All injections were administered subcuta-
neously in a volume of 0.2 cm3. The rats were given free
access to distilled water.
After 12 weeks of treatment, the rats were humanely
killed by overdose with pentobarbital sodium. Uteri of the
rats were excised and weighed to evaluate the effects of
OVX, and the femur and tibia were collected.
Body and Uterine Weight
Rats were weighed every week and their body weights
recorded. At the end of the study, the uteri were collected
and weighed. Then the uteri were fixed in 4 % formalde-
hyde in 0.1 M phosphate buffer, pH 7.2, for 48 h. Tissue
specimens were embedded in paraffin, and 5-lm-thick
sections, vertical to the long axis of the uterus, were cut and
stained with hematoxylin and eosin.
Serum Biochemical Markers of Bone Metabolism
Serum osteocalcin levels and alkaline phosphatase (ALP)
activities (both sensitive biochemical markers of bone for-
mation) were determined using osteocalcin EIA kits (Nordic
Bioscience Diagnostics, Herlev, Denmark) and Quanti-
Chrome ALP assay kits (DALP-250, BioAssay Systems,
CA, USA), respectively. Serum levels of C-terminal telo-
peptide fragment of type I collagen C-terminus (CTX),
which is generated by the osteoclast and is a marker of bone
resorption, were determined using RatLaps ELISA kits
(Nordic Bioscience Diagnostics, Herlev, Denmark) [26].
Bone Histology and Histomorphometric Analysis
For decalcified sections, the right tibiae were dissected and
fixed in 4 % paraformaldehyde at 4 C for 48 h, then were
decalcified in 10 % EDTA for about 4 weeks. Afterward,
bones were dehydrated in increasing concentrations of
ethanol, cleared in xylene and embedded in paraffin. Serial
5-lm sagittal sections of the tibiae were cut with a Leica
microtome (Leica RM 2135, Germany) and placed on
Fig. 1 Molecular formula for
IDA and the synthesis of SE2.
The molecular formula for IDA
(a) and SE2 was synthesized by
combining 17b-estradiol with
IDA through the Mannich
reaction in the presence of 37 %
formaldehyde (b)
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slides for hematoxylin and eosin staining. The sections
were microphotographed (Leica, Germany) to allow his-
tomorphometric measurements on the central area of the
cancellous bone displayed on the digital image. Quantita-
tive histomorphometric analysis was conducted in a blin-
ded fashion with Leica Qwin Software. Bone volume per
total volume (BV/TV, %) and trabecular separation (Tb.Sp,
lm) in four randomly selected visual fields were detected,
and six specimens in each group were examined.
Microcomputed Tomography
Bone histomorphometric parameters and the microarchi-
tectural properties of the distal femurs were determined
using a micro-CT system (Locus SP, GE Healthcare) with
X-ray energy settings of 55 kV and 145 lA. Samples were
scanned over one entire 3,600 rotation at an exposure time
of 3,000 ms/frame. An isotopic resolution of 15–40 lm
voxel size that displayed the microstructure of the distal
femurs was selected, and the angle of increment around the
sample was set to 0.4 degrees, which resulted in the
acquisition of 900 2D images. A modified Feldkamp cone-
beam algorithm was used for 3D reconstruction. For bone
analysis, 2.5-mm-thick regions of the femur proximal to the
growth plate of the knee joint were selected as the region of
interest. Image information was obtained on the basis of the
automatic domain values produced by the computer. The
data were analyzed with Microview2.2 software. Three-
dimensional analyses were carried out, and for each sample
BMD as well as trabecular structural parameters such as
BV/TV, trabecular thickness (Tb.Th), trabecular number
(Tb.N) and Tb.Sp were measured [27, 28].
Biomechanical Analyses
The femurs from all groups were flash frozen in liquid nitro-
gen immediately after the rats were killed and stored at
-80 C for further mechanical testing. The femurs were
Fig. 2 Distribution of IDA in the organs of mice. IDA were labeled
with isotope 3H, and IDA-3H was administered through intramuscular
(im) (a, b) or intravenous (iv) (c, d) injection; mice were killed, and
bone, kidney, spleen, lung, liver, blood and muscle were collected after
1 and 24 h to analyze the distribution of IDA in the organs. DPM of 3H
intake was measured with liquid scintillation spectrometry to analyze
indirectly concentration of IDA in the tissue. The distribution of IDA in
bone was significantly higher than spleen, lung, blood and muscle
(*p \ 0.05) and was no significant difference compare with kidney and
liver after im 1 h (a). It was significantly higher than kidney, spleen,
lung, blood, liver and muscle (**p \ 0.01) after im 24 h (b), iv 1 h
(c) or iv 24 h (d). There were six replicate samples in each group
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thawed at room temperature before testing, and three-point
bending of the right femora was carried out by an Instron 5569
materials testing machine (Instron Inc., MA). The femur was
placed posterior side down between two supports 6 mm apart,
and load was applied at the midspan, which made bending
occur about the anteroposterior axis. Load–displacement
curves were recorded at a crosshead speed of 1 mm/s [29].
Statistical Analysis
Results are expressed as mean ± standard deviation (SD).
SPSS 13.0 software (Chicago, IL, USA) was used for the
statistical analysis. The differences between the groups
were compared using ANOVA with a Bonferroni’s multi-
ple-group comparison procedure. A p value of \0.05 was
accepted as statistically significant.
Results
IDA Showed High Affinity for Bone
after Intramuscular or Intravenous Injection
The distribution of IDA in bone was significantly higher
than spleen, lung, blood and muscle, and was no significant
difference compared with kidney and liver after intramus-
cular (im) 1 h (Fig. 2a). It was significantly higher than
kidney, spleen, lung, blood, liver and muscle after im 24 h
(Fig. 2b), iv 1 h (Fig. 2c), or iv 24 h (Fig. 2d).
Tissue Distribution Test of E2 and SE2
After injection via the caudal vein, the DPM of SE2-
3H in
skull, femur and vertebrae were higher than E2-
3H from 2 h
to 14 days. In contrast, the DPM of SE2-
3H in mice ovary
and uterus were significantly lower than E2-
3H from 2 h to
14 days (Fig. 3). These results showed that E2 and SE2
were effectively conjugated with isotope 3H and that SE2
had significant affinity for bone but lower affinity for ovary
and uterus than did E2.
Nuclear Binding Assay of E2 and SE2
Saturability was shown for both E2- and SE2-bound estrogen
receptor alpha in osteoblasts, which coincided with ligand
and receptor binding characteristics (Fig. 4a). Measured
by Scatchard analysis, the affinities of E2 and SE2 for osteo-
blast estrogen receptors were 2.58 9 10-10 and 2.82 9
10-10 mol/L, respectively; therefore, the affinity of SE2 for
osteoblast estrogen receptors was 92 % that of E2 (Fig. 4b).
Fig. 3 Tissue distribution tests of E2 and SE2. E2 and SE2 were
labeled with isotope 3H, and E2-
3H and SE2-
3H were injected through
the caudal vein. Mice were killed, and skull, femur, second lumbar
vertebra, uterus and ovary were collected to analyze the radioactivity.
DPM of 3H intake measured by liquid scintillation spectrometry to
analyze indirectly concentration of E2 and SE2 in the tissue
concentrations of SE2 in mice skull (a), femur (b) and vertebrae
(c) were higher, respectively, than E2; concentrations of SE2 in mice
ovary (d) and uterus (e) were significantly lower than E2 (*p \ 0.05
compared with E2). There were six replicate samples in each group
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Uterine Histology and Body Weight
After 12 weeks, the uteri of rats in the OVX group
atrophied as evaluated by general uterine morphology,
while E2 administration prevented the uterine atrophy
similar to the sham-treated group; but SE2 administra-
tion had not prevent the uterine atrophy (Fig. 5a).
Histomorphometric analysis further confirmed that
endometria were atrophied in the OVX group and E2
prevented the uterine atrophy, but SE2 could not pre-
vent it (Fig. 5b). As to uterine weights, the SE2 group
was similar to the OVX group, and these weights were
significantly lower than the E2- and sham-treated groups
(Fig. 5c). Results revealed that E2 could induce uterine
hypertrophy after OVX, but that SE2 did not show this
side effect.
After 12 weeks, the body weights in SE2 group were
similar to the OVX groups, but in the E2- and sham-treated
groups, the body weights were significantly lower than in
the SE2 group (Fig. 5d).
Serum Biochemical Markers of Bone Metabolism
We found that the serum level of osteocalcin in the SE2
group was significantly lower than the OVX group and
higher than the sham-treated group, and there was no sig-
nificant difference compared with E2 group (Fig. 6a). As to
another marker of bone formation, ALP, as well as the
sensitive markers of bone resorption, CTX, results showed
the serum levels of ALP and CTX in the SE2 group were
also significantly lower than in the OVX group, and there
was no significant difference compared with E2- and sham-
treated groups (Fig. 6b, c).
Bone Histology and Histomorphometric Analysis
The intertrabecular space at the proximal tibia of sham-
operated rats was filled with trabecular bone, erythropoietic
marrow and fat cells. OVX led to more fat cells and
reduced amount of trabecular bone and erythropoietic
Fig. 4 Nuclear binding assay of E2 and SE2. The specific nuclear
binding of E2 and SE2 in osteoblasts was measured by a nuclear binding
assay, and binding data were analyzed by Scatchard analysis. Saturability
is shown for both E2- and SE2-bound estrogen receptors in osteoblasts (a).
The affinities of E2 and SE2 for estrogen receptors in osteoblasts were
2.58 9 10-10 and 2.82 9 10-10 mol/L, respectively (b)
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marrow. SE2 treatment was effective in maintaining the
normal morphology at the proximal tibia compared to the
OVX groups and was similar to the E2 group (Fig. 7a).
Histomorphometric analysis further confirmed that the BV/
TV and Tb.Sp in the SE2 group were significantly different
compared with the OVX group, and similar to the E2- and
sham-treated groups (Fig. 7b, c).
Micro-CT Analysis
The bone mass and architecture in the OVX group were
deteriorated after 12 weeks compared with the sham-trea-
ted group, and the indices in the SE2 group were better than
those in the OVX group and similar to those of the E2- and
sham-treated groups (Fig. 8a, b). BMD in the SE2 group
Fig. 5 Uterine histology and body weight. The uteri of rats in the OVX
group atrophied, while E2 administration prevented the uterine atrophy
similar to the sham-treated group, but SE2 administration had no effect
(general samples) (a). Endometria were atrophied in the OVX group; E2
prevented the uterine atrophy, but SE2 could not (b) (HE, original
magnification 910). The uterine weights in the SE2 group were similar
to those in the OVX group (NS, p [ 0.05) and were significantly lower
than the E2 and sham-operated groups (**p \ 0.01) (c). The body
weights in the SE2 group were similar to those in the OVX groups (NS,
p [ 0.05), but in the E2- and sham-treated groups, the body weights
were significantly lower than in the SE2 group (**p \ 0.01) (d). There
were six replicate samples in each group
Fig. 6 Serum biochemical markers of bone metabolism. The serum
level of osteocalcin in the SE2 group was significantly lower than in
the OVX group (**p \ 0.01) and higher than the sham-treated group
(*p \ 0.05); there was no significant difference compared with E2
group (NS, p [ 0.05) (a). The serum levels of ALP and CTX in the
SE2 group were significantly lower than in the OVX group
(**p \ 0.01), and there was no significant difference compared with
the E2- and sham-treated groups (NS, p [ 0.05) (b, c). There were six
replicate samples in each group
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was similar to the E2- and sham-treated groups, and was
significantly increased compared with the OVX group
(Fig. 8c). The results showed that BV/TV, Tb.Th and Tb.N
were significantly increased, whereas Tb.Sp was signifi-
cantly decreased in the SE2 group compared with the OVX
group, and these parameters in the SE2 group were similar
to values in the sham-treated groups (Fig. 8d–g).
Biomechanical Analyses
The femoral mechanical properties were evaluated by the
three-point bending test after 12 weeks of treatment, and
all femora displayed a load–displacement curve typical for
a long bone. As expected, OVX led to weaker mechanical
properties of femurs reflected by lower ultimate stress,
ultimate load, modulus and stiffness. SE2 treatment was
effective in preventing OVX-induced loss of bone, strength
and it exerted an effect identical to that of either E2 or sham
operation on these same properties (Fig. 9).
Discussion
In adults, bone is continuously remodeled throughout life,
with damaged bone removed and replaced with new bone,
then bone composition and architecture restructured so as
to maintain bone strength [30]. During bone remodeling, it
is of crucial importance to maintain a precise balance
between osteoclastic bone resorption and osteoblastic bone
formation to keep the integrity of the bone; any dissocia-
tion of the balance in bone remodeling leads to osteope-
trosis or osteoporosis [31]. Loss of estrogens increases the
rate of bone remodeling by removing restraining effects on
osteoblastogenesis and osteoclastogenesis, and it also
causes a focal imbalance between resorption and formation
by prolonging the life span of osteoclasts and shortening
the life span of osteoblasts [32]. The imbalance between
bone resorption and formation results in the loss of bone
mass and deterioration of trabecular bone microarchitec-
ture. Although estrogens can reduce the rate of bone loss, it
has many drawbacks such as cancer and cardiovascular
disease. If a new type of estrogen could exert effects on
bone locally, the side effects caused by estrogen would be
diminished. An OVX rat model, which artificially produces
estrogen deficiency, has been used for the study of post-
menopausal osteoporosis and has served widely as an
animal model to investigate the effects of therapeutic
agents on bone mass and structure [33, 34].
Through the Mannich reaction, estradiol was integrated
with a calcium chelator, IDA, which has high affinity for
bone, and a bone-seeking estrogen (SE2) was developed.
First, we labeled E2 and SE2 with
3H and detected the DPM
of E2-
3H and SE2-
3H to reflect the distribution of E2 and
SE2 in organs. The results showed that SE2 had significant
Fig. 7 Bone histology and histomorphometric analysis of the prox-
imal tibia. SE2 treatment was effective in maintaining the normal
morphology of the proximal tibia compared to the OVX group, which
was similar to the E2- and sham-treated group (HE, original
magnification 940) (a). The ratios of bone volume to total volume
(BV/TV) and trabecular separation (Tb.Sp) in the SE2 group were
significantly different from the OVX group (**p \ 0.01) and similar
to the E2- and sham-treated groups (NS, p [ 0.05) (b, c). There were
six replicate samples in each group
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affinity for bone but lower affinity for ovary and uterus
than did E2. Second, SE2 maintained its high affinity for
estrogen receptor alpha similar to that of E2. Therefore,
SE2 would likely retain its estrogen effect locally in bone
and reduce the effects on other organs of mice at the same
time.
Biochemical markers of bone turnover have been widely
used as measures of the status of bone remodeling. The
biochemical markers of bone turnover used in clinical and
experimental studies include osteocalcin and ALP (a sen-
sitive marker of bone formation) and CTX (a sensitive
marker of bone resorption) [26]. In the present study, OVX
rats were found to have higher osteocalcin, ALP and CTX
levels than the SE2 group, indicating decreased bone
turnover due to SE2 treatment.
As measured by micro-CT, OVX resulted in a loss of
BMD in the metaphyseal region of the distal femur. As
expected, E2 almost completely prevented OVX-induced
bone loss, and SE2 was also effective in inhibiting the loss of
BMD in OVX rats compared with E2. BMD is one of the
major determinants of bone strength, and decreased bone
mass is a useful predictor of increased fracture risk. As
Fig. 8 Bone microarchitectural changes in the distal femur assessed
by micro-CT. The images of the trabecular bone in the distal femur
(a) and the reconstructed 3D images in the area of the region of
interest (b) showed that SE2 and E2 treatment provided for better bone
mass and trabecular architecture than the OVX group. BMD in the
SE2 groups was increased compared with the OVX group
(**p \ 0.01) and similar to that of the E2- and sham-treated groups
(NS, p [ 0.05) (c). Ratios of bone volume per total volume (BV/TV),
trabecular thickness (Tb.Th), and trabecular number (Tb.N) in the SE2
groups were significantly increased compared with the OVX group
(**p \ 0.01, *p \ 0.05) and similar to indices in the E2- and sham-
treated groups (NS, p [ 0.05) (d–f). Trabecular separation (Tb.Sp)
was significantly decreased in the SE2 group compared with the OVX
group (**p \ 0.01) and was similar to the E2- and sham-treated
groups (NS, p [ 0.05) (g). There were six replicate samples in each
group
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measured by micro-CT analysis, the structure of trabecular
bone deteriorated in OVX rats; Tb.N, Tb.Th and BV/TV at
the distal metaphysis of the femur were significantly reduced
12 weeks after OVX. E2 and SE2 both effectively inhibited
the deterioration of the trabecular architecture of OVX rats
compared with the sham-treated groups. Tb.N, Tb.Th and
BV/TV at the distal metaphysis of the femur were signifi-
cantly increased in the E2 and SE2 groups compared to the
OVX groups. Bone histomorphometric analysis further
verified that SE2 could prevent bone loss induced by OVX. In
addition to BMD, the biomechanical characteristics of bone
also reflect bone strength. Therefore, evaluating the quality
of bone by biomechanical analyses is another reliable strat-
egy. OVX decreased the mechanical strength of femurs.
Both E2 and SE2 treatment effectively maintained the
mechanical strength of the femurs.
It is well known that OVX induces weight gain in rats,
which is considered to protect the skeletal system by pro-
viding an increased mechanical stimulus in a state of
estrogen deficiency [35]. In our study, at the end of the
treatment, the rats of the OVX group and the SE2 group
exhibited a greater body weight than those of the sham-
treated group, while the rats of the E2 group had a slightly
lower body weight than the sham-operated rats. Interest-
ingly, the E2 group still exhibited a greater distal femoral
BMD. Given the 2-fold influences of OVX and reduced
body weight, these data indicated that E2 had a marked
effect on bone. However, OVX resulted in a lower BMD
with a greater larger body weight. Therefore, simply
increasing the body weight cannot maintain the BMD of
OVX rats. This demonstrates that the increasing body
weight plays a less important role in preventing bone loss
in OVX rats. In contrast, although the OVX rats treated
with SE2 also showed a greater body weight, the bone loss
was effectively inhibited, demonstrating that SE2 played a
very important role in preventing bone loss in OVX rats.
OVX resulted in a pronounced atrophy of the uterus,
which could be prevented by E2 treatment. The uterine
weight and the endometrial thickness of the rats in E2
group were not significantly different from that in the
sham-treated group, which indicated that E2 could promote
the hypertrophy of endometria in OVX rats. This
Fig. 9 Biomechanical analyses of femur after 12 weeks. SE2 treat-
ment was effective in increasing mechanical properties of femoral
ultimate stress (a), modulus (b), stiffness (c), and ultimate load
(d) compared to the OVX group (**p \ 0.01, *p \ 0.05); SE2
treatment also exerted the same effects on the mechanical properties
of femora, compared with the E2- and sham-treated groups (NS,
p [ 0.05). There were six replicate samples in each group
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hypertrophy could be one of the most important mecha-
nisms for the estrogen-induced increase in the risk of
uterine bleeding and endometrial cancer. However, endo-
metria in the OVX rats treated with SE2 were atrophied,
with no significant difference from the OVX group, indi-
cating that SE2 did not promote hypertrophy of endometria.
This phenomenon may demonstrate that SE2 treatment can
diminish the uterine complications caused by the applica-
tion of E2. The uterus has abundant estrogen receptors.
However, in our experiment, uterine atrophy in OVX rats
treated with SE2 demonstrated that SE2 had only a slight
effect on uterine estrogen receptors. The reason is that SE2
has a greater affinity for bone than for uterus.
Generally, very low levels of estrogen mostly prevent
uterine atrophy and weight gain. In this study, SE2
administration had not prevented the uterine atrophy and
weight gain. The reason is that the dose of SE2 in this study
is low and it has high affinity for bone and lower affinity
for ovary and uterus. The dose of SE2 is inadequate to
prevent uterine atrophy and weight gain in this study.
Whether a larger dose of SE2 would promote endometrial
hypertrophy in OVX rats requires further study.
In conclusion, we showed that SE2 was effective in
preventing OVX-induced bone loss in rats. In addition, SE2
exhibited few side effects on body weight or uterine
hypertrophy, which was beneficial in reducing the adverse
effects caused by E2 treatment. Therefore, SE2 may be a
better choice than E2 for the prevention of postmenopausal
osteoporosis.
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